The Saccharomyces cerevisiae Put4 permease is significant for the transport of proline, alanine, and glycine. Put4p downregulation is counteracted by npi1 mutation that affects the cellular ubiquitination function. Here we describe mutant Put4 permeases, in which up to nine lysine residues in the cytoplasmic N-terminal domain have been replaced by arginine. 107 ! Arg) was largely higher compared to that of the wild-type Put4p, indicating that the N-terminal lysines can undergo ubiquitination and the subsequent degradation steps. Proline is the only amino acid that yeast assimilates with difficulty under standard brewing conditions. A lager yeast strain provided with Put4-20p was able to assimilate proline efficiently during beer fermentations. These results suggest possible industrial applications of the mutant Put4 permeases in improved fermentation systems for beer and other alcoholic beverages based on proline-rich fermentable sources.
Saccharomyces cerevisiae cells can monitor the quality of nitrogen-containing compounds, and therefore utilize preferred nitrogen sources prior to using nonpreferred ones. When preferred nitrogen compounds such as ammonia, glutamine, and asparagine are no longer available, yeast cells express pathways for the utilization of alternative sources including the leastpreferred amino acid, proline. The conversion of proline to glutamate takes place in the mitochondria as a twostep process catalyzed by proline oxidase and Á 1 -pyrroline-5-carboxylate dehydrogenase, encoded by nuclear genes PUT1 and PUT2 respectively. 1, 2) The expression of these PUT genes is regulated by Put3p activator protein in response to the presence of the inducer proline. 3, 4) Genes PUT1 and PUT2 are sensitive to nitrogen catabolite repression; their expression is repressed by regulator proteins Ure2p and Dal80p, 5, 6) and the Gln3p activator might be involved in PUT1 expression as well. 5) Proline uptake is carried out mainly by two nitrogenregulated permeases, the general amino acid permease Gap1p, 7) and the high-affinity specific proline permease Put4p, 8) although two other Ssy1p-Ptr3p-Ssy5p sensorregulated permeases, Apg1p and Gnp1p, also have the ability to transport proline. 9) The expression of Gap1p is subject to nitrogen catabolite repression, and is also regulated posttranslationally. 10) Poly-ubiquitination is required for down-regulation of Gap1p permease at a maximal rate. 11) Gap1p is also regulated by a sorting mechanism in the late secretory pathway. [12] [13] [14] The functional expression of Gap1p at the plasma membrane requires the gene products of SEC13, LST4, LST7, and LST8 13) as well as the function of Ser/Thr protein kinase Npr1p. 15) The proline permease gene PUT4 is under nitrogen control, and is regulated by the transcriptional regulators Gln3p and Dal80p, 5) although PUT4 transcription is not induced through the Put3p positive regulator. 16) The posttranslational regulation of Put4p activity is performed by a cellular system comprising Npi1/Rsp5p ubiquitin protein ligase and free ubiquitin molecules supplied by the Npi2p/Doa4p ubiquitin isopeptidase. [17] [18] [19] The gene products of SEC13, LST4, LST7, LST8, and NPR1 are necessary for Put4p to function properly. 13, 20, 21) In spite being the most abundant amino acid of brewer's worts, proline is not assimilated by yeast during brewing fermentation. 22) The purpose of this study was to engineer a yeast strain containing a stable Put4p to be used for the optimization of industrial fermentation processes based on proline-rich fermentable sources. We discovered that the replacement of several lysine residues with arginine in the vicinity of the Put4p N-terminus leads to the accumulation of permease, indicating the involvement of the N-terminal lysine residues in the Put4p turnover. When a stabilized permease is introduced into an industrial strain of lager y To whom correspondence should be addressed. Fax: +81-75-962-8915; E-mail: Fumihiko Omura@suntory.co.jp yeast, the engineered strain shows highly improved proline uptake in both synthetic medium and beer wort, regardless of the quality of nitrogen compounds available.
Materials and Methods
Strains and media. The yeast strains used in this study are listed in Table 1 . Escherichia coli strain DH5 (supE44 ÁlacU169 (80 lacZÁM15) hsdR17 recA1 endA1 gyrA96 thi-1 relA1) 23) was used as the plasmid host. Growth and handling of E. coli bacteria, plasmids, and yeast strains were carried out following standard procedures. 23, 24) Yeast extract-peptone-dextrose (YPD) medium and synthetic complete (SC) medium were prepared as described previously.
24) SD-Pro medium was prepared using yeast nitrogen base without ammonium sulfate and amino acids supplemented with 2% glucose and 0.1% proline. Medium A was identical to SC medium except for the following modifications: the concentration of proline was tenfold higher, the concentrations of aspartic acid and leucine were fourfold higher, and the concentration of other amino acids was twofold higher. The actual concentration of each amino acid in medium A was determined as described below, and is shown in Table 4 . Transformation of yeast cells was performed according to the standard lithium acetate method. 24) The selection for positive transformant colonies was carried out as described previously. 25, 26) Isolation and modification of the PUT4 gene. Restriction enzyme digests and ligations were carried out using standard methods. 23) Polymerase chain reaction (PCR) products were cloned and sequenced using a TOPOÔ TA cloning kit (Invitrogen, Carlsbad, CA). The oligonucleotides used in this study are listed in Table 2 . The 1.9-kb SacI-BamHI DNA fragment encoding hemagglutinin (HA)-tagged Put4p permease was prepared by PCR using oligonucleotides 1+2 as primers with the chromosomal DNA of S. cerevisiae (strain X2180-1A) as the template. The integrity of the PCR fragment in the plasmid obtained (pCR-PUT4) was confirmed by DNA sequencing. To obtain a set of mutant PUT4 alleles where the codons for the Nterminal lysines are replaced by arginine codons, oligonucleotide-directed mutagenesis with Kunkel's modifications 27) was carried out. The single-strand DNA was prepared from the pUC119 vector (Takara Shuzo, Kyoto, Japan) with insertion of the 0.4-kb SacIKpnI HA-PUT4 gene fragment, and was given as the template for the mutagenesis. A mixture of six oligonucleotides 3, 4, 5, 6, 7, and 8 ( Table 2 ) was used as mutagenic primers so that any of the nine lysine codons were replaced by arginine at random. After following the mutagenesis procedure, the DNA sequence of the mutant clones obtained was determined. Three out of seven mutant clones obtained were designated PUT4-10, PUT4-18, and PUT4-20, and used for further investigation. For expression of the wild-type HA-PUT4 gene, the 1.9-kb SacI-BamHI DNA fragment was isolated from pCR-PUT4 and inserted into SacI-BamHI sites of integrative expression vector pUP3GLP 26) or centromeric plasmid vector pYCGPY. 25) For expression of mutant HA-PUT4 alleles, the 0.4-kb SacI-KpnI gene fragments with mutations were excised from the mutated pUC119 derivatives and ligated together with the 1.5-kb KpnI-BamHI fragment from pCR-PUT4 into the SacIBamHI gap of pUP3GLP and pYCGPY. The pUP3GLP-based plasmids were linearized by digestion with AatI prior to yeast transformation. 26) Northern analysis. Isolation of total RNA and subsequent agarose gel electrophoresis and blotting were carried out according to standard methods. 23, 24) After hybridization, the blot was washed for 30 min with 0:1 Â SSC (1 Â SSC is 0.15 M NaCl plus 0.015 M Oligonucleotide sequence
The lowercase nucleotides provide restriction sites. The nucleotides in italics encode the hemagglutinin-tag sequence. The underlined nucleotides correspond to the codons for substituted arginines.
sodium citrate) at 70 C. This condition was sufficiently stringent to distinguish the transcripts derived from S. cerevisiae-type and non-S. cerevisiae-type lager strain-specific PUT4 genes. 25) Signal detection of the blots was performed using the DIG chemiluminescent detection system (Roche Diagnostics, Basel, Switzerland). The entire ORF sequences of PUT4 and ACT1, and part of GAP1 ORF (nucleotide no. 689-1809) were used for the preparation of labeled probes according to the manufacturer's instructions.
Immunoblot analysis. Whole cell extracts for sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) were prepared as described previously. 28) The protein concentration was determined following the method of Bradford using a protein assay kit (Bio-Rad Laboratories, Hercules, CA) with 50-fold diluted cell lysate samples. Sixty mg of the protein were loaded onto SDS-polyacrylamide gel. The SDS-PAGE and the subsequent immunoblot analysis were performed using a chemiluminescence detection system, as described previously.
26) The following antibodies were used: rabbit antibody against HA epitope (Santa Cruz Biotechnology, Santa Cruz, CA), rabbit antibody against actin (Santa Cruz Biotechnology), and horseradish peroxidase-conjugated antibody against rabbit IgG (Amersham Biosciences, Piscataway, NJ). All the antibodies were used at 1:1000 dilution.
Amino acid and ammonia analysis. Amino acid assimilation test in medium A: The medium (10 ml) was inoculated with yeast cells to give 3 Â 10 6 cells ml À1 , and cultivated aerobically at 30 C for 9 or 23 h. The cultures were centrifuged to remove the cells. The supernatants were diluted tenfold with 0.02 N HCl and analyzed with an amino acid analyzer (model L-8800, Hitachi, Tokyo, Japan). The amount of assimilated amino acids was estimated by calculating the difference in the concentration of amino acids in the medium before and after yeast cultivation. The estimation for amino acid and ammonia assimilation during beer fermentation was likewise carried out by measuring their concentrations in the wort samples before and after fermentation. Determination of whole-cell contents of amino acids and ammonia: The culture was precisely divided into aliquots in 1.5-ml tubes and centrifuged in order to collect the cells in each tube (approximate wet weight, 0.5 g per tube). One aliquot was completely freeze-dried to determine the dry weight of the sample. Another aliquot was re-suspended in 0.9 ml of 25 mM sodium acetate (pH 3.5) supplemented with protease inhibitor cocktail (completeÔ Mini, Roche Diagnostics). After disruption of the cells by vigorous mixing with glass beads, the supernatant was processed for amino acid analysis as described above. Since the analyzer did not separate serine from asparagine or threonine from glutamine with satisfactory resolution, those sets of amino acids were expressed as the sum of the two.
Fermentation trial. The beer wort was prepared from malt and hops with the addition of corn syrup. The malt ratio in the wort was 24%. The initial wort gravity was 14.4 Plato ( P) (1 Plato corresponds to the gravity of 1% w/w sucrose solution). The fermentation trial was performed in a 2-liter tall tube at 18 C with a pitching rate of 2:5 Â 10 7 cells ml À1 and with 20 mg liter À1 dissolved oxygen. Yeast growth was measured by absorbance at 660 nm of the wort. Carbohydrate removal was followed with a density meter (DMA-48, Anton Paar, Graz, Austria). Free amino nitrogen (FAN) and sulfite in the wort were determined based on methods described previously. 29, 30) Ethanol concentration in beer was measured with an automatic beer analyzer (SCABAÔ 5611, FOSS A/S, Hillerød, Denmark). Glycerol was enzymatically assayed using a test kit (Enzymatic Bio-Analysis/Food Analysis, UV method) supplied by Boehringer Mannheim (Mannheim, Germany). Acetaldehyde and organic acids were determined by HPLC on a Shim-pack SCR-102 column (Shimadzu, Kyoto, Japan). Fusel alcohols and esters were analyzed by headspace gas chromatography as described previously.
31)

Results and Discussion
The steady-state protein level of Put4p is dependent on Npi1p ubiquitin protein ligase It has been reported that the activity of proline permease Put4p undergoes nitrogen catabolite regulation, 5, 16, 21) but it is not clear whether the steady-state Put4p protein level is influenced by the quality of the nitrogen source. To clarify this issue, influenza virus hemagglutinin (HA) epitope was fused to the Put4p Nterminus to yield a tagged derivative permease (hereafter, denoted HA-Put4p). The gene encoding HAPut4p was placed downstream of the constitutive TDH3 promoter using an integrative plasmid vector and introduced into brewer's yeast strain BH422 to obtain a transformant (denoted FOY312). Parental strain BH422 and HA-Put4p-expressing strain FOY312 were cultivated for 5 h in SD-Pro medium, containing 0.1% proline as the sole nitrogen source, as well as in SC and YPD media containing preferred nitrogen sources such as ammonia, glutamine, and asparagine. Exponentially growing cells were harvested and examined for the expression levels of PUT4 (or PUT4 + HA-PUT4) mRNA along with HA-Put4p protein (Fig. 1) . It should be noted that lager yeasts are thought to be natural hybrids between Saccharomyces cerevisiae and other Saccharomyces species, indicating that the lager yeast genome contains both S. cerevisiae-type and non-S. cerevisiae-type homologs of the PUT4 gene. But the identity between these two DNA sequences is 82% (Y. Nakao, personal communication). Thus the highly stringent washing condition during the Northern analysis procedure enabled the sole detection of the S. cerevisiae-type PUT4 mRNA. 25) As expected, authentic PUT4 mRNA in BH422 was induced with the medium based on a nonpreferred nitrogen source (proline), and was completely repressed by the media containing preferred nitrogen sources. When the cells were cultivated in a medium containing ammonia as the sole nitrogen source, PUT4 mRNA was repressed (data not shown), as in the case of AE1278b-related laboratory strains. 21) In case in which nitrogen catabolite repression was circumvented by HA-PUT4 overexpression with TDH3 promoter, HA-PUT4 mRNA was detected in FOY312 even when cultivated in SC and YPD media. The steady-state protein level of HA-Put4p was in good agreement with the level of HA-PUT4 mRNA, which was estimated from the following subtraction: FOY312 (PUT4 + HA-PUT4) À BH422 (PUT4). It is obvious that the steadystate Put4p protein level does not decline when the cells are cultivated with preferred nitrogen sources. Since the steady-state protein level relies on the balance between biosynthesis and degradation of the protein, this indicates that Put4p activity is regulated in a way different from the one for Gap1p permease, whose rapid degradation is triggered when the cells are cultivated in preferred nitrogen sources. 13, 14, 32) But we cannot exclude the possibility that Put4p changes its subcellular localization for its activity control depending on the quality of available nitrogen sources.
Since npi1 mutation is known to suppress nitrogenregulated Put4p inactivation, 20) we then examined whether the steady-state protein level of Put4p is dependent on Npi1p ubiquitin protein ligase. 18, 33) The DNA encoding HA-Put4p was introduced into a haploid npi1 mutant strain using a centromeric plasmid vector. The cells were exponentially cultivated in YPD medium, harvested, and subjected to immunoblot analysis for detection of HA-Put4p. The steady-state protein level of HA-Put4p in the npi1 strain was appreciably higher than that in the isogenic wild-type strain (Fig. 2) . This result suggests that Npi1p ubiquitin protein kinase plays a key role in the basal turnover of Put4p permease.
Isolation and characterization of mutant PUT4 genes that encode less degradable permeases
Lysine residues responsible for ubiquitination in amino acid permeases often reside in their cytoplasmic N-terminal domains. 14, 32, 34) To explore the involvement in Put4p degradation of the nine lysine residues (Lys 8) some of the nine lysine residues were replaced by arginine. Sitedirected mutagenesis was carried out using the mixture of six mutagenic oligonucleotides listed in Table 2 (Table 3 ). All the mutant Put4p permeases were designed to be expressed as HA-tagged forms to facilitate detection. The DNA fragments encoding wild-type HAPut4p, HAPut4-10p, HA-Put4-18p, and HA-Put4-20p were integrated at the URA3 locus of the strain BH422 chromosome. The transformant cells obtained were subjected to analysis for steady-state protein level during exponential growth in YPD medium (Fig. 3) . HA-Put4-20p accumulated in the cells to a large extent, and HA-Put4-18p also increased appreciably, whereas Total RNA was prepared from control strain BH422 and HAPut4p-expressing strain, FOY312, grown to logarithmic phase in SD-Pro medium (Pro), SC medium, and YPD medium. The samples were then processed for Northern analysis using labeled PUT4 and ACT1 ORF DNA fragments as probes. Whole cell extracts were prepared from a set of cultures and analyzed by immunoblot analysis using anti-HA epitope antibody. Control protein actin in each lysate was used as the internal standard. Wild-type strain 23346c (NPI1) and mutant strain 27038a (npi1) were transformed with TDH3p-HA-PUT4 DNA construct using a centromeric expression vector system. The transformant cells were grown to exponential phase in YPD medium, lysed with extraction buffer, and subjected to immunoblot analysis using antibodies against HA-epitope and actin. 
Amino acid residues are indicated using the standard single-letter code.
the HA-Put4-10p level was found to be almost equal to the wild-type HA-Put4p level. Since YPD medium contained preferred nitrogen sources, authentic PUT4 mRNA was completely repressed as seen in parental BH422. Thus the PUT4 mRNA signals in Fig. 3 are considered to have originated from exogenous HA-PUT4 genes. In view of this result, we can conclude that the protein level of HA-Put4-18p and HA-Put4-20p was high because their basal turnover was slowed. By comparing HA-Put4-18p with the wild-type HA-Put4p, it appears that one or more of the lysine residues Lys 60 , Lys 68 , Lys 71 , Lys 93 , Lys 105 , and Lys 107 are critical for its degradation (Fig. 3, Table 3 ). On the contrary, according to the comparison of HA-Put4-20p with HA-Put4-18p, one or more of the three most N-terminal residues Lys 9 , Lys 34 , and Lys 35 are also responsible for the Put4p turnover. The latter appears contradictory to the fact that HA-Put4-10p was not stabilized by the replacement of Lys 9 , Lys 34 , Lys 35 , or Lys 68 compared to wild-type HAPut4p. This discrepancy might be explained by a possible difference in the tertiary structure between wild-type HA-Put4p and HA-Put4-18p around the residues Lys 9 , Lys 34 , and Lys 35 , but it was found that Put4p contains multiple lysine residues responsible for its turnover. Taken together with the results from Fig. 2 , it is possible that some of these lysine residues act as target sites for ubiquitination, although we cannot rule out the possibility that the mutations in the nine Nterminal lysine residues have merely caused some structural changes in Put4p that impair its turnover independently of Put4p ubiquitination. The DNA fragment encoding HA-Put4-20p was introduced into strain 27038a (npi1) and its reference strain 23346c (NPI1), and the steady-state protein levels in those strains were compared. HA-Put4-20p was further stabilized and accumulated in the npi1 background (data not shown), suggesting that besides the above-mentioned N-terminal nine lysine residues, there are additional lysine residues responsible for ubiquitination and subsequent degradation of the permease. Based on the predicted Put4p structure, 8) there are 10 cytoplasmic lysine residues in addition to the N-terminal nine lysines examined in this study. It remains elusive which cytoplasmic lysine residues are critical for Put4p downregulation. Further analysis with mutational approaches will be necessary to sort out the functions of each lysine residue.
Mutant permease HA-Put4-20p improved assimilation of proline, glycine, and alanine
In order to examine the effect of the TDH3 promoterdriven expression of wild-type and mutant HA-Put4p permeases on the spectrum of amino acid uptake, strains FOY336 expressing HA-Put4-20p, FOY312 expressing wild-type HA-Put4p, and parental strain BH422 were aerobically cultivated in medium A (Table 4) . Then the assimilation of each amino acid was monitored by sampling at the point of cultivation time 9 h and 23 h. Judging from the cell growth curve, the sampling points 9 h and 23 h corresponded to late logarithmic phase and early stationary phase respectively (data not shown). As shown in Fig. 4 , the amino acids whose uptake was significantly improved by HA-Put4-20 were proline, glycine, and alanine. This result is consistent with the previous observation that Put4p can transport these three amino acids. 35) TDH3 promoter-driven expression of wild-type HA-Put4p was moderately effective in improving the assimilation of these amino acids. Figure 4B illustrates the uptake profile for all the amino acids after 23-h cultivation in medium A by the strains expressing wild-type HA-Put4p and HA-Put4-20p, along with the Protein extracts and total RNA were prepared from the cultures and subjected to immunoblot analysis for HA-Put4p and Northern analysis for PUT4 mRNA. ACT1 mRNA was also detected for the internal standard. Note that the exposure time for HA-Put4p permeases here is shorter than that for wild-type HA-Put4p in Fig. 1 . reference strain BH422. The uptake of each amino acid is expressed as the difference in their concentration (in mM) before and after 23-h cultivation. Constitutive expression of HA-Put4-20p is responsible for the malfunctioning of the glutamate uptake system. This might result from glutamate accumulation in the cells (Table 5 ). Glutamate can be produced either by biosynthesis from -ketoglutarate or by proline catabolism. Thus a possible explanation for glutamate behavior is the following: the accumulation of a high level of intracellular proline leads to a higher glutamate level, and this in turn produces a feedback inhibitory effect on amino acid permeases involved in glutamate transport. Glutamate permease Dip5p is also known to transport aspartate and glutamine, 35) whose uptake is also impaired in HA-Put4-20p-expressing cells (Fig. 4B) . On the other hand, assimilation of leucine, tryptophan, and methionine was moderately affected by HA-Put4-20p expression (Fig. 4B) . However, unlike the case of glutamate, the intracellular accumulation of those amino acids in the HA-Put4-20p-expressing cells was lower than that in parental BH422 (Table 5) . These results might be elucidated by the findings that the general amino acid permease Gap1p, which can transport those three amino acids, is downregulated by direct sorting when intracellular glutamate concentration is increased. 36) Another possible explanation is that the function of permeases responsible for the uptake of branchedchain amino acids and aromatic amino acids is somehow impaired by competition with highly stabilized Put4p permease that dominates in the plasma membrane or some membrane compartments in the secretory pathway.
Application of less degradable permease HA-Put4-20p to beer fermentation
Beer fermentation is carried out in a semi-anaerobic condition, and occasionally in a substrate with a low concentration of amino acids, especially when the malt ratio is below 25% as seen in Japanese Happoshu beers. To test the performance of brewing yeasts equipped with a less degradable HA-Put4-20p during beer fermentation, strain FOY336 (with HA-Put4-20p) and parental strain BH422 were compared after being subjected to a 2-liter scale fermentation trial. The malt ratio of the wort was 24%, and the dissolved oxygen was adjusted to 20 mg liter À1 . The amino acid composition of the wort was determined, and is shown in Table 4 . The concentrations of each amino acid in the wort were less than one-fifth of those of synthetic medium A. The fermentation was performed at 18 C. To examine whether this fermentation condition represses the expression of authentic PUT4 mRNA, yeast cells were withdrawn at the point of 19-h fermentation, and total RNA in the cells was analyzed by Northern analysis. As shown in Fig. 5 , mRNA expression of PUT4 in parental strain BH422 was completely repressed. Expression of GAP1, the gene for another major proline transporter, also appeared to be repressed under this brewing condition (Fig. 5) . Carbohydrate removal from the wort, changes in non-sedimented cells, and residual free amino nitrogen (FAN) were tested during fermentation (Fig. 6 ). In the earlier stages of fermentation, FAN assimilation and cell growth of FOY336 (HA-Put4-20p) were not as fast as in the reference strain, BH422. On the contrary, after 66-h fermentation, the FAN assimilation of FOY336 caught up with and exceeded BH422. The slight delay observed for strain FOY336 in the early stage of growth might be attributable to the energy expense associated with the proline assimilation imposed by the less degradable HA-Put4-20p permease. 1, 2) Figure 6B indicates assimilation of all the amino acids during fermentation. For convenience, the assimilation of each amino acid was estimated by calculating the difference in the concentration in the wort before and after fermentation; amino acid assimilation was calculated by subtracting the value of the concentration in the finished beer from the concentration value of the original wort. However, it might be noteworthy that this measurement might have underestimated the actual amino acid uptake since some amino acid species were occasionally excreted from the cells during beer fermentation (data not shown). Ammonia assimilations shown as a decrease during the fermentation by parental strain BH422 and HA-Put4-20p-carrying FOY336 were 1.84 mM and 1.65 mM respectively. The engineered proline permease HA-Put4-20p helped the cells to assimilate proline efficiently. There was no significant difference in the intracellular amino acid profile in BH422 and FOY336 cells after 90-h fermentation, indicating that the taken-up proline had been converted to other compounds during fermentation (data not Total RNA was prepared from parental strain BH422 and HAPut4-20p-expressing strain FOY336, either withdrawn from the test fermentation trials after 19-h fermentation (Wort), or grown to logarithmic phase in SD-Pro medium (Pro). The samples were then processed for Northern analysis using labeled PUT4, GAP1, and ACT1 ORF DNA fragments as probes. shown). In order to test the effect of dissolved oxygen concentration in the initial wort on proline assimilation, beer fermentation was also performed with the wort containing 6.7 mg liter À1 oxygen (data not shown). The proline utilization ratio relative to total assimilation of (amino acids + ammonia) was 4.0% for the wort with 6.7 mg liter À1 oxygen compared to 8.3% for the wort with 20 mg liter À1 oxygen. Thus the proline assimilation ratio appeared as a function of the initial oxygen concentration in the wort, which is consistent with the fact that the conversion of proline to glutamate depends on respiration and aerobiosis. 1, 2) In this beer fermentation condition (with lower amino acid concentrations), no impairment was observed with HA-Put4-20p expression in the assimilation of glutamate, aspartate, or glutamine. It is plausible that the intracellular glutamate concentration was not extremely high, unlike the case of cultivation in medium A. Also, the uptake of a lower concentration of glycine and alanine in the wort was carried out without the aid of modified Put4p. The results of chemical analysis of the beer after the primary fermentation are shown in Table 6 . All in all, the beers from strain FOY336 (HA-Put4-20p) and from the reference strain BH422 had similar characteristics with respect to major aroma compounds. Consistently, no comments claiming major differences in taste or aroma were given in sensory analysis (data not shown). However, residual FAN was lower in the beer from FOY336, which is in a good agreement with the efficient uptake by this strain of proline, glycine, and alanine (Fig. 6B) . The amylalcohols (sum of active amyl alcohol and isoamyl alcohol) were lower in the beer from the HA-Put4-20p-expressing cells. In brewing conditions, leucine molecules taken up by the cells can be converted to isoamyl alcohol by the action of aminotransferases, decarboxylases, and alcohol dehydrogenases. 37, 38) The intracellular level of leucine, a precursor of isoamyl alcohol, might have been lower at some point during fermentation, as seen in the case of synthetic medium A (Table 5) .
In brewing conditions, the metabolism of nitrogen compounds can influence the efficiency of ethanol production and the quality of the finished beer. Proline is known as the most difficult amino acid to be assimilated, and ironically, it is also known as the most abundant amino acid in standard brewer's worts. 22) This study indicates that it is possible to improve the utilization of proline as a nitrogen source under brewing conditions with a slightly accelerated fermentation rate and without compromising the sensory characteristics of the resultant beer ( Table 6 ). The increase in assimilation of the less assimilable amino acids is of great interest also in winemaking. 39) Some genetic approaches have been considered with wine yeast in order to improve the assimilation of arginine and proline, which is repressed by nitrogen catabolite repression triggered by ammonia in the grape must. 40, 41) It is our hope that the establishment of means for efficient utilization of less assimilable amino acids will facilitate the production of a variety of novel alcoholic beverages. 
